The incorporation of Eu into the diamond lattice is investigated in a combined theoreticalexperimental study. The large size of the Eu ion induces a strain on the host lattice, which is minimal for the Eu-vacancy complex. The oxidation state of Eu is calculated to be 3+ for all defect models considered. In contrast, the total charge of the defect-complexes is shown to be negative: −1.5 to −2.3 electron. Hybrid-functional electronic-band-structures show the luminescence of the Eu defect to be strongly dependent on the local defect geometry. The 4-coordinated Eu substitutional dopant is the most promising candidate to present the typical Eu 3+ luminescence, while the 6-coordinated Eu-vacancy complex is expected not to present any luminescent behaviour. Preliminary experimental results on the treatment of diamond films with Eu-containing precursor indicate the possible incorporation of Eu into diamond films treated by drop-casting. Changes in the PL spectrum, with the main luminescent peak shifting from approximately 614 nm to 611 nm after the growth plasma exposure, and the appearance of a shoulder peak at 625 nm indicate the potential incorporation. Drop-casting treatment with an electronegative polymer material was shown not to be necessary to observe the Eu signature following the plasma exposure, and increased the background luminescence.
I. INTRODUCTION
Many of the current day quantum technology applications make use of diamond, more specifically diamond with nitrogen-vacancy (NV) defects.
1,2 This optically active defect makes it possible for diamond to be used for high resolution magnetometery, quantum entanglement experiments, such as testing of the Bell inequality, and much more.
3-8 Although it is possible to produce NV centres in diamond in a controlled way, the efficiency of the NV centre itself is limited by its strong electron-phonon coupling.
3, 9 However, because diamond has a very large band gap this provides opportunities for the use of alternate optically active defects. [10] [11] [12] In this context, both the Si-and Ge-vacancy defect have received increased interest.
13-17
Within condensed matter science, rare-earth (RE) elements receive a lot of attention as optical dopants, as they give rise to very sharp emission lines, for a wide variety of wavelengths from UV to IR. [18] [19] [20] [21] [22] [23] Furthermore, their filled d-shell shields the long lived excited states. In particular Eu and Gd are of great interest as both have a half-filled 4f shell. Luminescent Eu is used in inorganic scintillators, but also wide band gap semiconductors such as ZnO. [24] [25] [26] [27] [28] [29] [30] The high quantum efficiency and long photoluminescence decay times of RE elements (milliseconds, compared to nanoseconds for NV, SiV, or GeV) makes them very interesting color centres for quantum memory and repeater applications. Also in case of diamond, lanthanides are receiving attention as possible luminescent centres. Tan and co-workers calculated the zero-phonon line and emission wavelength of Pr-based defects in diamond using first principle methods. 23 The incorporation of Er and Yb was reported by Cajzl and co-workers.
21,22
They showed Er to form multiple stable configurations in diamond and to present luminescence in the near infrared region. 21 Ekimov et al. investigated the catalytic properties of RE for the High Pressure High Temperature (HPHT) synthesis of diamond. 31, 32 Recently, the incorporation of Eu in diamond during chemical vapour deposition (CVD) was reported by Magyar et al. and Sedov et al.
33,34
Magyar and co-workers present the synthesis of Eudoped diamond through the self assembly of a Eu containing precursor complex on the diamond surface, which is then overgrown with diamond during a standard CVD experiment. 33 The resulting samples show typical Eu fluorescence with a strong line at 612 nm. Sedov and coworkers, on the other hand, incorporate EuF 3 particles in diamond, while retaining the photoluminescent properties of Eu. 34 Ekimov and co-workers showed that Eu, Er and Tm exhibit catalytic activity during HPHT synthesis of diamond. However, in contrast to the previous two studies, they note that neither of these lanthanides shows photoluminescence, and they propose the photoluminescence observed earlier by Magyar and co-workers is not due to Eu but rather due to the Eu(DPA) 3 complexes imbedded in the diamond samples. To this date, no detailed theoretical electronic structure calculations have been performed on Eu dopants in diamond.
In this work, we present a combined theoreticalexperimental study of Eu-doped diamond and to resolve the question whether Eu can form luminescent centres in diamond. RE elements have a complex electronic structure, with a f electrons being shielded by the outermost d electrons. Computational modeling can provide detailed insight in this electronic structure, with a clear correlation to the underlying atomic structure. We focus on the oxidation state of possible defects and the electronic structure in all its facets. Also the role of temperature on the defect stability is determined. We discuss several treatments for preparing diamond films, all aimed at achieving Eu-doping, and analyse the synthesized films by photoluminescence (PL) spectroscopy.
II. METHODOLOGY A. Theoretical model
In this work, we consider three models for Eu dopants in bulk diamond: (1) diamond with substitutional Eu doping, Eu sub , (2) diamond with an Eu-vacancy defect, Eu 1V , and (3) diamond with an Eu-divacancy complex, Eu 2V . Each of the three models are created in a conventional cubic 64-atom cell by the substitution and removal of neighbouring C atoms. The initial local geometries of the three models is shown in Fig. 1 . For each of the models, a large number of possibly unpaired electrons are present. The Eu ion itself presents 7 unpaired f electrons, while the C atoms neighbouring the vacancies give rise to 3 and 6 dangling bonds for the single-and divacancy models, respectively. Since these unpaired electrons can give rise to many possible recombinations, various spin-configurations are considered as well. For each of the spin systems, the atomic geometry is optimised.
B. Computational details
First-principles density functional theory (DFT) calculations are performed with the VASP code. We use the generalised gradient approximation (GGA) as constructed by Perdew, Burke and Ernzerhof (PBE) to describe the exchange and correlation behaviour of the valence electrons (the 2s 2 2p 2 and 5s 2 5p 6 6s 2 4f
7 electrons for C and Eu, respectively) during structure optimization and the calculation of the vibrational spectra. 36 Because the f electrons of lanthanides are known to show strongly correlated behaviour, a Hubbard-U-type correction is included (DFT+U) for the Eu f electrons in all PBE level calculations. We make use of the implementation suggested by Leichtenstein and co-workers, 37 using an on-site Coulomb parameter U=7.397 eV and an on-site exchange parameter J=1.109 eV for Eu, as suggested in the literature. 30, 33, 38, 39 For C, no +U corrections are used during the final structure optimisation in the presented results, although the on-site Coulomb and exchange parameters, optimized for the C vacancy in diamond, 40 were used to stabilize the initial electronic structure optimisations. Because the choice of the U parameter has a significant influence on the electronic structure of a system, 24 we make use of the HSE06 hybrid functional for the calculation of high accuracy electronic structures, circumventing the issue of parametrisation. 41, 42 This range-separated hybrid functional is specifically designed for solids and has successfully been used for a wide range of materials, including defects in diamond.
40,43-47
The lattice parameters, cell volume, and ionic positions are optimized simultaneously using a conjugate gradient method with the energy criterion set to 1.0 × 10 −7 . As a result, the largest remaining force on a single atom is below 2 meV/Å. 48 The vibrational spectrum is calculated using the finite difference method for constructing the hessian matrix. From the latter, the dynamical matrix at each point of first Brillouin zone is calculated using the in-house developed HIVE toolbox. The kinetic energy cutoff is set to 600 eV, while the first Brillouin zone is sampled using a 4 × 4 × 4 (structure optimisation and HSE06 calculations), 5 × 5 × 5 (PBE+U static and vibrational calculations) or a 9 × 9 × 9 (PBE+U density of states) Monkhorst-Pack special k-point grid. In case of the HSE06 calculations, no further reduction of the k-point mesh for the Hartree-Fock part is employed, as in our previous work. 40 Atomic charges are calculated using the Hirshfeld-I partitioning scheme. [49] [50] [51] A charge convergence criterium of 1.0 × 10 −5 electron is set, and charges are integrated on a logarithmic radial grid with atom-centred spherical shells of 1202 grid-points. 52, 53 C. Experimental setup Nanocrystalline diamond was chosen for the experimental study as the large surface area of the films, compared to small single crystal diamond substrates, allows for greater detection of the Eu fluorescence signature in PL. PL spectroscopy was performed in a cleaned with an RCA2 clean (6:1:1 -H 2 O:HCl:H 2 O 2 at 80
• C for 10 min). The substrates are then seeded with a colloidal suspension of detonation nanodiamonds, 6-7 nm in size (NanoCarbon Institute Co., Ltd.) with a zeta potential of (45 ± 5) mV. The suspension is diluted in water to a concentration of 0.33 g L −1 . The seeding solution is drop-cast and then spun at 4000 rpm on a commercially available spin coater (WS-400B-6NPP/LITE, Laurell Technologies Co.). During the first 20 s of spinning the sample is rinsed continuously with DI water, and then allowed to spin-dry.
B:NCD films are deposited by microwave plasma assisted chemical vapor deposition (MPACVD) in an ASTeX 6500 series 2.45 GHz microwave power supply reactor. Boron-doped diamond is used for these experiments to minimise the background luminescence from the negatively charged NV centre, which can be minimised through boron doping.
54 Trimethylborane (TMB), dissolved in H 2 , is used as the gas-phase boroncontaining precursor. The vacuum chamber is pumped down prior to deposition by turbomolecular pump to a base pressure of <5 × 10 −6 mbar. The forward power is set to 3500 W, and the working pressure is held at 30 Torr. The total flow rate of the predominantly H 2 process gas is 500 sccm, with a 1% CH 4 concentration and a TMB/CH 4 ratio of 20, 000 ppm (2%). The thickness of grown films is determined in situ by observing the interference fringes of a 405 nm laser, and the deposition is stopped after 47 min at a thickness of 150 nm. Samples grown in the same reactor under similar growth conditions 55, 56 indicate that the B:NCD films have boron concentrations of approximately 5 × 10 21 cm −3 . Eu(III) tris(dipicolinic acid) (Eu(DPA) 3 ) is used as the Eu-containing precursor for all of the samples studied in this work. The Eu(DPA) 3 complex is synthesized according to a slightly adapted procedure from the literature, 57 as shown in Fig. 2 . Dipicolinic acid is deprotonated using an excess of sodium carbonate. After adding EuCl 3 hexahydrate, the chlorine counterions are exchanged with three dipicolinic acid ligands, yielding
the desired complex, as confirmed by 1 H NMR. Here we deliberately choose to employ sodium carbonate rather than sodium hydroxide to avoid formation of Eu(OH) 3 as a side product.
All samples are oxygen (O) terminated prior to Eu treatment in a Novascan PSD-UV Benchtop UV-ozone Cleaner for 1 h. The electrostatic assembly method described in Magyar et al. 33 , which makes use of an electronegative polymer material, is attempted on several samples. We use Poly(allylamine hydrochloride) (PAH) with average molecular weight M w = 17.5 kDa (Sigma Aldrich), as M w = 50k PAH used in Magyar et al. was not available at that time. The PAH is dissolved in water (0.1M by monomer) and the pH is adjusted to 8.0 by the dropwise addition of ammonium hydroxide. Eu(DPA) 3 is diluted to 0.1M in water, and the pH adjusted to 3.8 by dropwise addition of hydrochloric acid. The incubation steps in the PAH and Eu(DPA) 3 are performed for 3 h on one sample and 22 h on another. We were, however, not able to measure the Eu signature by PL signal on samples treated this way before deposition, and so did not perform diamond deposition on the electrostatically assembled samples.
The treatments investigated for samples exposed to the diamond growth plasma are summarised in table I. Eu(DPA) 3 is deposited by either drop-casting or spin-coating. For drop-casting, 0.2 mL of the Eu(DPA) 3 solution is applied to the O-terminated diamond surface, 
and allowed to evaporate while heating at 100
• C on a hotplate in a cleanroom environment. The deposited Eu(DPA) 3 film appears milky white in colour. For Sample (b) 0.2 mL of the PAH solution is applied before the Eu(DPA) 3 drop-casting procedure is performed. Spin-coating of Eu(DPA) 3 is performed by applying 0.2 mL to the sample surface and then spinning at 300 rpm for 60 s before spin drying at 4000 rpm for 40 s.
The Eu-treated B:NCD films are then exposed to a diamond growth plasma for 10 min under similar conditions as were employed in the work of Magyar et al. 33 A plasma feedgas of 400 sccm of H 2 and 40 sccm of CH 4 is used, without the intentional addition of TMB, in the same diamond deposition reactor as was used to grow the B:NCD films. The forward microwave power is held at 2500 W at a pressure of 17 Torr.
The substrate temperature during the initial substrate deposition was approximately 700
• C, as estimated from measurements taken by infrared pyrometer (Cyclops 52, Minolta, peak mode, ε = 0.6), on similar samples during growth runs with the same deposition conditions, in the same reactor. During the 10 min overgrowth step, a strong orange coloured optical emission, assumed to be due to the exposure of the Eu-containing precursor to the plasma environment, obscured the sample surface, preventing the assessment of the temperature by infrared emission during this phase.
III. RESULTS AND DISCUSSION
While modeling the defect(-complexes) at the quantum mechanical level, both atomic positions and electron distributions are taken into account. The latter aspect manifests itself in the spin-configuration of the system, which can have a significant impact on global materials properties in case d or f block elements are involved.
58
For highly localized systems such as defects, initially unpaired electrons can form pairs to stabilize the system, as is the case for the C-vacancy in diamond. 40 The combination with a strongly correlated material, such as a transition metal or RE, can complicate the situation significantly. In case of the substitutional incorporation of Eu in diamond, there are 11 electrons to consider (7 Eu f -electrons, and 4 electrons in the bonds of the nearest neighbour C atoms). If one assumes Eu to be in the 2+ oxidation state, then 2 C electrons are left unpaired, giving rise to 9 unpaired electrons. In case of Eu 3+ , only 1 C electron is left unpaired, as well as 6 Eu f -electrons, giving a total of 7 unpaired electrons. A similar mental exercise can be performed for the Eu-vacancy and Eudivacancy models, leading to configurations with 7, 9, and 11 unpaired electrons for the former, and 7, 9, 11, and 13 unpaired electrons for the latter. However, many of these spin configurations give rise to unphysical electronic structures.
59 For this reason, we only present the spin configurations with 7 and 9 unpaired electrons as these are present for each of the models. In this work, we indicate the number of unpaired electrons with a superscript in the system names.
A. Structure and stability
In comparison to C, Eu is a very large atom, 60 and as such it is expected to introduce a significant amount of strain into the system. To gain insight in this property, we calculate the defect size R d , 61 the defect volume V d , and the induced strain energy E s . The defect volume is simply calculated as V d = V EuC − n C · V C : the volume of the C atoms in the system subtracted from TABLE II. Structural properties of the Eu defect in diamond: the coordination of the Eu ion (coord), the defect radius R d and volume V d , the zero point energy (ZPE), formation energy (E f ) and strain energy (Es). Table III) . Interestingly, the calculated size of the Eu ion is almost 1.6Å, more than twice the size of a C atom. The bonds of the four NN C atoms with the next-NN C atoms reduces from the 1.55Å in pristine diamond, to 1.50 ± 0.01Å, resulting in an almost planar geometry with the inter-C angles increasing to 118 − 120
• . As is to be expected, the induced strain is very large, giving rise to an energy penalty of about 13 (15) eV for PBE (HSE06) calculations.
Interestingly, the Eu 7a sub system, although showing no imaginary vibrational frequencies at Γ has a significant imaginary frequency throughout the rest of the first Brillouin zone (cf., Fig. 3 ). This is not the case for the Eu 9 sub system, which shows no imaginary frequencies at all. Starting from the latter geometry we reoptimised the structure under the boundary condition of 7 unpaired electrons to obtain the Eu 7b sub system, free of imaginary frequencies as well. As can be seen in table II, this system is more stable than the Eu 7a sub system, even though the strain energy increased. Furthermore, the local geometry of the Eu dopant has changed; Eu is still 4-coordinated, but this time two C bonds are 1.9Å in length, and two are 2.14Å in length, giving rise to a different distortion of the tetragonal geometry. This difference between the Eu 7a sub and Eu 7b sub systems may be similar to the distortions predicted for Mn 2+ in GaAs.
62
Subramanian and Han note that the undistorted tetrahedral structure (the starting configuration for our Eu sub relaxations) is also an eigenstate of the total angular momentum operator, where its trifold degeneracy can be broken through a Jahn-Teller distortion, which we observe for the Eu 7a sub and Eu 9 sub systems (cf . Table III) . However, these authors note there exists a unidirectional compressive growth strain in the (Ga,Mn)As system, which results in a polarization gradient along the growth direction, and a splitting of the heavy and light hole subbands. It also leads to the As NN "below" and "above" the Mn ion to form different bonds. Considering the Eu 7b sub system, we find that, in contrast to Eu 7a sub , the structure is not perfectly cubic. Relative to the Eu 7a sub system the system is slightly compressed along the a lattice vector (3.622 vs. 3.629Å), while slightly expanded along the b and c lattice vector (3.632 vs. 3.629Å). Furthermore, the NN C "below" and "above" Eu, along the a lattice vector, show the same symmetry breaking as is the case for the (Ga,Mn)As system, indicative of a strain-stabilized Jahn-Teller distortion (cf . Table III ). This is corroborated by the strain energy presented in Table II , which is largest for the Eu 7b sub system.
In the Eu-vacancy model, the Eu ion shifts to the centre of the defect during relaxation, creating what is known as a split-vacancy defect (cf. Fig. 5a ). The Eu ion is 6-coordinated. This increase in coordination results in a reduced defect radius, albeit still larger than the Shannon crystal radius of Eu. 63 The volume of the defect is slightly larger than for the substitutional case, showing the Eu ion just fills up all available space. The strain energy on the other hand reduces significantly, presenting a first indication that this configuration is preferred over the substitutional case. The Eu-C bond length increases to 2.19 ± 0.01Å, and the six NN C atoms are pushed outward from their initial position, resulting in a more planar configuration with the next NN C atoms. Each of the six NN C atoms presents two C-C bonds of 1.53Å and one C-C bond of 1.48Å, breaking the local trifold symmetry.
The divacancy model presents a more complex reconstruction upon relaxation, as is shown in Fig. 5a . The different spin configurations give rise to very similar geometries. Similar to the Eu-vacancy model, the Eu ion moves toward the centre of the defect and fills out the available space as much as possible. However, although 8 C atoms are available for bonding, only 6 bonds are formed. Interestingly all 8 C atoms neighbouring the defect are pushed outwards. As a result, the two C atoms . Table IV) In contrast to expectation, the strain energy of the divacancy system is roughly the same as for the singlevacancy system. This may originate from the fact that also in the divacancy model, Eu is only 6-coordinated, as well as the fact that the relaxed divacancy is significantly more stable than two next NN single vacancies. Furthermore, there are now 8 C atoms with a significantly distorted local geometry, in contrast to only 6 for the Eu-vacancy system. Taking the strain energy as well as the defect formation energy into consideration, we observe that the addition of more than one vacancy does not significantly improve the stability of the system, making the existence of these more complex systems less likely during CVD growth.
The temperature contributions to the total energy are estimated as the Helmholtz vibrational free energy and are shown in Fig. 4 . The Helmholtz vibrational free energy contributions of all systems show the same qualitative temperature dependence. The inclusion of vacancies lowers the Helmholtz free energy at low temperatures. Note that this lowering originates with the internal vibrational energy, as the vibrational entropy term is roughly the same for all systems. The divacancy systems have the lowest Helmholtz vibrational free energy over the entire range presented. At low temperatures the single vacancy systems have a lower Helmholtz vibrational free energy than the substitutional systems. However, at tempera- tures above 400K this order of the Helmholtz vibrational free energy reverses. As can be seen in the inset, the energy differences are much smaller than those present in the formation energies. As such, we do not expect temperature effects to play an important role in the overall stability order of the different Eu-defect models presented in this work.
B. Electronic structure
For Eu to act as a luminescent centre in the visible region of the spectrum in diamond, 64 it should be in the ), as calculated using the HSE06 functional. The projected density of states (PDOS) is also shown for the Eu 5d-states (blue) and the Eu 4f -states (orange). In addition, the total PDOS for selected NN C ions is shown in green. The Fermi level is defined as the top of the defect valence band.
3+ oxidation state. Furthermore, the Eu 4f and 5d-states are expected to be located in the band gap. To investigate the first aspect, we make use of the Hirshfeld-I atoms-in-molecules (AIM) partitioning method.
49-51
This is a robust AIM method which provides atomic charges, larger than those obtained with the Mulliken or normal Hirshfeld methods, but still smaller than the formal charge. 51 As such we can use this method to infer the oxidation state of the Eu ion.
In Table IV , we present the Hirshfeld-I charges of the Eu ion and its NN C atoms, as well as the total charge of the complex (Eu+NN C). For each of the considered systems, the charge of the Eu ion exceeds +2 indicating Eu to be in the Eu 3+ oxidation state. All NN C atoms on the other hand have a large negative charge, creating a dipole at the defect site. Interestingly, these negative charges are much larger than would be expected if only charge transfer from the Eu ion is involved. As a result, the entire defect(-complex) has a significant global negative charge (cf . Table IV) . If all NN C atoms are considered, the defect charge steadily decreases with the defect size as more negatively charged C are considered. However, if only the NN C ions bound to the Eu ion are considered, then the total defect charge has a minimum for the Eu-vacancy systems. In this work, we only consider single defects, due to the relatively small super cell used. As a result, all the additional negative charge accumulated on the Eu-defect complex has been drawn from the nearby C atoms. However, in an experimental sample, also other defect-centres will be present, such as N or P which may provide the additional charge. However, a detailed study of such interactions is beyond the scope of the current work, and will be taken up in future work.
The total density of states (DOS) and projected DOS (PDOS) of the different systems are shown in Fig. 6 .
65
It is immediately clear that for the systems with 9 unpaired electrons there is no or only a very small effective band gap present (cf. Table V) . With the exception of the divacancy system (which appears to be a half-metal), this is due to the relative alignment of the majority (up) and minority (down) spin densities. The substitutional system with 7 unpaired electrons shows the largest effective band gap, as well as the largest individual spin band gaps of about 1.5-2.0 eV. At this point, it is important to note that the hypersensitive transition of Eu 3+ luminescence obeys the selection rules |∆S| = 0, |∆L| ≤ 2, and |∆J| ≤ 2. 27 As a straightforward consequence, this means that it are the spin band gaps which are relevant for possible luminescence. Therefore the spin band gaps of the Eu 7 sub systems are perfectly in the energy range of the photoluminescence observed for Eu 3+ . Furthermore, the defect states seen in the band gap (cf., Fig. 6a ) have a Eu 5d and 4f character, again what should be expected in the presence of luminescent Eu.
In contrast, the gap states for the Eu-split-vacancy system show no 5d character, but a combination of mainly Eu 5p (not shown) and some 4f character, as well as C 2p character, indicative of the Eu-C bonding. The most pronounced Eu 5d and 4f contributions, relevant for Eu 3+ luminescence in the Eu-split-vacancy model, are found at the valence (4f states) and conduction (5d states) band edges of the host diamond band gap, resulting in a large separation between the d and f states. As such, it is unlikely, that this system will present the luminescence expected around 611 nm of Eu 3+ .
FIG. 7.
Photoluminescence spectroscopy of the Eu(DPA) 3 precursor solution, a sample treated with the Eu(PDA) 3 by drop-casting but not exposed to the diamond deposition plasma, and Samples (a), (b) and (c).
In case of the Eu-divacancy system, the gap states again show a clear Eu 5d and 4f character, as well as a strong C 2p character showing these states to be involved in the bonding of the Eu ion. In case of the Eu 9 2V system, the small band gap in the majority channel originates from the Eu 4f states, while the half-metal behaviour of the minority channel originates from the Eu 5d states. In contrast, the Eu 7p 2V and Eu 7c 2V systems are semiconducting for both spin channels. It is also interesting to note that the band gap for both spin channels is determined by the Eu d states. Unfortunately, the spin band gaps of the Eu 7p 2V and Eu 7c 2V systems (0.6 to 1.0 eV) are too small to allow for the expected Eu 3+ luminescence at 611-614 nm, which requires a band gap of about 2.02 eV. In contrast, these smaller band gaps could be a hint toward the potential for IR applications of this system. As we did not perform PL measurements in this region, further corroboration of this theoretical result is still needed.
If we look back at the local geometry of the Eudivacancy complexes it is hard not to notice the large amount of sp 2 -like C present. In a polycrystalline diamond film, grain boundaries provide naturally occurring regions with a high density of sp 2 C. As such, one could speculate that such a more amorphous or diamond-like carbon (DLC) region could provide the required environment for Eu to form a luminescent centre. This will be the subject of future work.
C. Experimental results
Photoluminescence spectroscopy was performed on the Eu(DPA) 3 solution, as shown in Fig. 7 . The Eu(DPA) 3 precursor shows the characteristic peaks for Eu including the main peak at approximately 614 nm, as previously been reported in the literature. 33 The PL of a diamond substrate which was not grown, but was treated by drop-casting also shows the same PL signature once the precursor is deposited on the surface. PL from the three samples described in table I is also shown in Fig. 7 . Sample (a), which was drop-cast, shows the strongest Eu signature, at 611 nm, indicating that some Eu-containing material remained after the diamond deposition process. Sample (b) also shows a peak at approximately 611 nm, indicating the presence of Eu, however the background PL signal is much higher in this sample. We attribute this to the co-deposition with PAH in this sample. This indicates that the PAH is not necessary for the detection of an Eu PL signature following exposure to a growth plasma. Moreover, the use of PAH may decrease the PL signal relative to the background. Any Eu signature for Sample (c) was below the detection threshold. This could signify the incorporation of Eu as Eu-split-vacancy or Eu-divacancy defect, as expected from our calculations. Alternately, the presence of the Eu luminescence peak does not indicate that the Eu is incorporated in the diamond for both Samples (a) and (b). 32 However, the PL spectrum does change relative to the signature prior to growth. The main peak position shifts slightly toward lower wavelengths, from 614 to 611 nm, and a more pronounced shoulder of the peak, at about 625 nm, appears. These changes are not attributable to a change in calibration, as the same calibration was used on the same day for the drop-cast sample and Samples (a)-(c). We note that a shoulder peak at approximately 625 nm can also been seen in the PL spectra of Eu-treated diamond after exposure to a growth plasma in the work of Magyar et al. 33 The presence of B co-doping, added to passivate SiV and NV defects of these samples, is expected to have a limited impact on the PL of Eu, as the luminescence of Eu is inherent to the electronic structure of the Eu ion (i.e., transition between Eu d and f states). As such, although the incorporated B may give rise to additional states in the band gap, modifying the global electronic structure, these states are not directly involved in the photoluminescence of the d − f transition of Eu.
IV. CONCLUSION
In this work, we present a combined theoreticalexperimental study of Eu-doped diamond. We show that the high defect formation energy is mainly due to the induced defect strain energy. Interestingly, the strain energy and defect formation energy show no further improvement beyond the incorporation of the first vacancy (i.e., the Eu-vacancy). Inclusion of temperature effects through the vibrational energy does not change the qualitative stability picture of the different configurations and defect models. In future work, the role of the defect concentration on the stability will be considered.
In the case of substitutionally doped diamond, Eu is 4-coordinated despite the large induced strain. Furthermore, a strain-stabilized Jahn-Teller distortion gives rise to a polarisation of the Eu defect, similar to what is observed in the (Ga,Mn)As system. The Eu-vacancy and Eu-divacancy defects on the other hand both give rise to 6-coordinated Eu, even though two more C are accessible for bonding in the latter case. Electron density partitioning shows Eu to be positively charged and in the 3+ oxidation state. The nearest neighbour shell of C atoms on the other hand is negatively charged, leading to a strong local polarization. In addition, the full defectcomplex is negatively charged, with a charge in the range of −1.5 to −2.3 electron.
Even though the Eu ion is shown to be in the 3+ oxidation state in each model, the electronic band structure presents a rather complex picture. As a result, the answer to whether Eu forms a luminescent centre is not unique, and depends strongly on the local geometry and spin configuration. In summary:
• Substitutional doping with Eu is the most promising candidate for the observation of the 611 nm luminescence of Eu 3+ .
• The Eu-vacancy model is not expected to present any luminescence related to the typical Eu d − f transitions.
• The Eu-divacany system could give rise to luminescent transitions, albeit at a much longer wavelengths (i.e., IR).
Based on the Eu-divacancy results, we suspect that incorporation of Eu in the grain boundaries or in diamond-like carbon may give rise to the formation of luminescent centres due to the presence of sp 2 carbon, a topic for future investigations.
Diamond films are prepared with the Eu(DPA) 3 precursor using three different methods and then exposed to a diamond growth plasma for 10 min. PL measurements indicate that Eu-containing material remains in samples treated with drop-casting. Changes in the PL spectrum after exposure to the growth plasma provide preliminary evidence for the potential incorporation of Eu in the diamond film, however additional experimental work is needed to fully prove Eu inclusion in the diamond lattice. Future work examining and optimising the incorporation of Eu in single crystal diamond is also planned. Treatment with PAH is found not to be required to demonstrate the Eu signature, and increased the background PL when drop-cast under the Eu(DPA) 3 precursor.
PRIME NOVELTY STATEMENT
Eu doping in diamond has been studied by means of high accuracy first-principles calculations. The local de-fect geometry is crucial with regard to the possible photoluminescence of Eu, even though Eu is shown to present a 3+ oxidation state for all defect models. The incorporation of Eu in diamond was also studied experimentally, indicating that Eu containing material can remain after exposure to diamond growth plasma if drop-cast on the surface. Furthermore, the presence of PAH is not required, and increases the PL background. 
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